The coupling distance between presynaptic Ca 2+ influx and the sensor for vesicular transmitter release determines speed and reliability of synaptic transmission [1, 2] . Nanodomain coupling (<100 nm) favors fidelity [1, 2] and is employed by synapses specialized for escape reflexes [3] and by inhibitory synapses involved in synchronizing fast network oscillations [1] . Cortical glutamatergic synapses seem to forgo the benefits of tight coupling [4] [5] [6] , yet quantitative detail is lacking [2, 7] . The reduced transmission fidelity of loose coupling, however, raises the question whether it is indeed a general characteristic of cortical synapses. Here we analyzed excitatory parallel fiber to Purkinje cell synapses, major processing sites for sensory information [8] and well suited for analysis because they typically harbor only a single active zone [9] . We quantified the coupling distance by combining multiprobability fluctuation analyses, presynaptic Ca 2+ imaging, and reactiondiffusion simulations in wild-type and calretinin-deficient mice. We found a coupling distance of <30 nm at these synapses, much shorter than at any other glutamatergic cortical synapse investigated to date. Our results suggest that nanodomain coupling is a general characteristic of conventional cortical synapses involved in high-frequency transmission, allowing for dense gray matter packing and cost-effective neurotransmission.
Results
Moderate p r at PF Terminals The release probability (p r ) was analyzed at unitary parallel fiber (PF) connections in paired loose-patch/whole-cell recordings between granule cells (GCs) and Purkinje cells (PCs; Figure 1A ), under conditions that assured triggering of release by single presynaptic action potentials (APs; Figure  1B and Figure S1A available online). The median excitatory postsynaptic current (EPSC) amplitude (including release failures) was 5.3 pA (interquartile range: 3.6-8.4 pA) and the fraction of synaptic failures was 0.58 (0.48-0.63; n = 16; Figure 1C ), indicating that PF synapses operate at moderate quantal size (q) and p r . Use of a multiple-probability fluctuation analysis (MPFA) of EPSC amplitudes recorded at different extracellular Ca 2+ concentrations ([Ca 2+ ] e ; Figures 1D and 1E ), allowed quantifying these parameters. On average (n = 10; Figure 1F ), q was 8 pA (5-12 pA) and p r 0.25 (0.14-0.37) in 2 mM [Ca 2+ ] e , in good agreement with previous reports [10] [11] [12] . The binominal parameter N was 2.9 (1.6-4.5), corroborating the notion that AZs of PFs support multivesicular release [9] , particularly at high release settings [11] .
Spatial Profile of Intraterminal Ca
2+ Dynamics Estimated from Ca 2+ Imaging Data The magnitude of AP-evoked Ca 2+ transients was quantified in PF terminals of GCs loaded with 200 mM of the low-affinity Ca 2+ indicator dye Oregon Green 488 BAPTA-6F (Figures 2A  and 2B ). The fluorescence increase in response to a train of 10 APs (200 Hz) showed little variability within given terminals ( Figure 2C ), moderate variability between terminals [13] , and again little variability when averaging terminals of a given cell (2.1 [1.6-2.2] DF/F 0 ; n = 12 terminals from five cells, Figure 2D ). We used the measured Ca 2+ transients to back calculate spatially resolved Ca 2+ dynamics with kinetic reaction-diffusion models ( Figure 2E and Table S1 ) differing in the characteristics of endogenous fixed buffers (FBs). FBs with low Ca 2+ affinity yielded fits that failed to describe the recovery of the Ca 2+ transients (models ''10FB'' and ''15FB''; Figure 2F ) while medium-to high-affinity FBs (''0.1FB'' and ''1FB'') yielded satisfactorily fits as did a model that assumed the absence of FBs (''0FB''). For the latter models, the dye was subsequently removed from the simulations to reflect the conditions in the electrophysiological recordings, and spatially resolved Ca 2+ dynamics in response to a single AP were deduced. This analysis revealed that calretinin (CR) buffers presynaptic Ca 2+ depending on the assumed characteristics of the FB and that Ca 2+ transients drop rapidly with increasing distance from the site of influx with only minor differences between the different Ca 2+ models ( Figure 2G ). The models, which assumed Ca 2+ influx to occur at a single cluster of channels, represent a functional simplification of the overall topology of presynaptic Ca 2+ channels. However, they can be expected (and were chosen as such) to predict the maximal local AP-evoked Ca 2+ increase possible within the terminal, a critical parameter for estimating the coupling distance. Importantly, even with this highly localized Ca 2+ influx, none of the buffers underwent saturation (for CR, see Figure 2G ), which would have led to an underestimation of the Ca 2+ influx compared to models with more distributed channel topologies.
The Influx-Release Coupling Distance Is in the Nanometer Range Incorporation of an allosteric five-site release sensor resembling Synaptotagmin 2 (Syt2; model S2a [14] ) into the simulation ( Figure 3A ) allowed calculating release rates at varying coupling distances to the site of influx ( Figure 3B) . Plotting of the corresponding p r values against the coupling distance for the three remaining Ca 2+ models ( Figure 3C ) revealed exponential dependencies with length constants in the range of 20 to 40 nm. p r values obtained from the MPFA ( Figure 1F ) were best explained by a coupling distance of 10 to 35 nm (for the median p r value; 5-42 nm for the interquartile range [IQR] of p r values; thick segments in Figure 3C ). We tested variations of the release model, in which release either occurred only from the fully occupied sensor (model S2b and S2c [15, 16] ), in which a fraction (0.2) of CR was immobilized by binding to Ca 2+ channels [17] , or in which the temporal profile of the Ca 2+ influx was varied to cover the range of conceivable AP widths ( Figure S3 ). All of these variations gave similar results, particularly with respect to the short coupling distance. Notably, the estimated distance represents an upper limit because the cluster model, with Ca 2+ influx modeled as a single point source, generated the largest possible Ca 2+ concentration close to a putative sensor. More distributed channel topologies would generate spatially broadened signals with lower peak Ca 2+ concentrations, which, in turn, would require even shorter coupling to be consistent with the measured release probability.
In order to substantiate the prediction of nanodomain coupling, we performed experiments in which the effect of the exogenous buffers EGTA and BAPTA on EPSCs evoked by tract stimulation was assessed ( Figures 3D and 3E ). Bath application of membrane permeable BAPTA (BAPTA-AM; 10 mM, 30 min) led to a significant reduction of the EPSC amplitudes. EGTA-AM (10 mM, 30 min), on the other hand, did not affect EPSC amplitudes compared to control. The finding that EGTA, a buffer with higher Ca 2+ affinity but slower Figure S2 and Table S1 . binding kinetics compared to BAPTA [2] , did not affect release supports the notion of nanodomain coupling [4, 5] .
Confirmation of Model Predictions in CR
2/2 Mice Bath application of AM buffers leaves their intracellular concentration rather ill defined. Our simulations indicate that CR, the major endogenous Ca 2+ buffer of GCs [18] , significantly buffers Ca 2+ in the terminal ( Figure 2G ). We therefore repeated our experiments in mice deficient for CR [18] to test for the effect of this endogenous buffer on release. Ca 2+ transients in CR 2/2 terminals were significantly larger (median 2.4 DF/F 0 , IQR 2.2-2.8, n = 13, p = 0.009) than in the wild-type (WT; Figure 3F ) and well predicted by the simulations. The data were best described by model ''0FB,'' i.e., in the absence of a FB, but incorporating a FB (model 0.1FB and 1FB) also produced reasonable result ( Figure 3F) .
Feeding of the corresponding Ca 2+ dynamics into the release model yielded distinct predictions for p r in CR 2/2 synapses ( Figure 3G ). In the presence of either medium or high-affinity FBs (1FB and 0.1FB, respectively), the simulations predicted no significant effect on p r ( Figure 3G ). On the other hand, the 0FB model predicted a p r value almost twice as high as in the WT ( Figure 3G Figure 3G) . With model 0FB, the coupling distance was estimated to be 24 nm.
In a next step, an analytical steady-state solution to the linearized reaction diffusion problem of model 0FB was analyzed [1] . The linearization of the single cluster of Ca 2+ channels overlapped well with the estimates of the full reaction diffusion model ( Figure S4A ). Also for the linearized model, the observed difference in p r values between WT and CR 2/2 synapses indicated a coupling distance in the range of 25 nm. Shorter or longer distance would predict effects of CR on p r that are inconsistent with the experimental data. The linearization allowed analysis of more-distributed channel topologies in which the release sensor couples to the center of a larger array of Ca 2+ channels ( Figure S4B ). Increase of the spatial extent of the array required shorter coupling distances. Notably, channel topologies wider than 25 nm required coupling distances significantly shorter than 25 nm ( Figure S4B ).
In the cerebellar molecular layer both Syt1 and Syt2 are expressed [19] . While it is unclear whether GC terminals See also Figure S3 and Table S1 .
express just one of the two or both isoforms (ibid.), there is evidence that Syt2 is the predominant isoform at the age of animals we used in our study [20] . Compared to Syt2, Syt1 differs slightly in its release characteristics at low [Ca 2+ ], with Syt2 being optimized for phasic release [21] . We therefore tested in as much the prediction of nanodomain coupling is affected by assuming that PFs employ only Syt1 for transmission. Importantly, the sensor resembling Syt1 predicted a similar increase in p r in CR compared to the WT ( Figure 4D ). The predicted coupling distance was slightly larger (29 nm) than with a Syt2-like sensor (24 nm) but still clearly in the nanodomain range.
Discussion
We report here that PF terminals, very probably the most numerous synapses in the brain, operate at a coupling distance of <30 nm between Ca 2+ influx and release sensor. While such tight coupling has been reported for fast spiking hippocampal and cerebellar interneurons [1, 2] , where it contributes to the speed and reliability of inhibition [1] , it was unexpected for cortical excitatory synapses [2, [4] [5] [6] 22] . Our data indicate that glutamatergic PF synapses exploit the benefits of tight coupling, too, in order to allow for reliable transmission of their characteristic high-rate burst activity evoked by sensory stimulation [8] .
We modified the established approach of analyzing effects of added, exogenous buffer on transmitter release [3] by quantifying the effect of CR, the main endogenous buffer of GCs [18] . CR has complex binding kinetics [23] : EF hands I-IV represent two pairs of binding sites with kinetics similar to EGTA or, upon binding of the first calcium ion, to BAPTA. In view of these properties and its assumed submillimolar concentration, it may appear surprising that CR strongly affects p r at a synapse with nanodomain coupling, an effect for which tens of millimolar of fast exogenous buffers are needed at the giant squid synapse [3] or at cortical GABAergic synapses [1] . Two reasons, however, account for the relatively high effectiveness of CR at PF synapses. First, as pointed out by Faas et al. [23] , compared to EGTA and BAPTA, CR has a low resting Ca 2+ occupancy, which provides an optimal buffer capacity for AP-mediated Ca 2+ influx. Second, the Ca 2+ transients at the release site of PFs reached peak values of 20-25 mM, similar to the range estimated for the calyx of Held [16] but much lower than those assumed to trigger release at other nanodomain synapses [1, 3] . The former transients are within the range in which release depends supralinearly on Ca 2+ [14, 21, 24] , while the latter can be expected to saturate release [14] . Importantly, the relatively weak buffering by CR (10%-15% differences in Ca , Figure 3F ) explains well the 40%-50% differences in p r ( Figure 4C ), indicating significant nanodomain buffering by CR.
For the influx-release model, we assumed that release of a given vesicle is triggered by a neighboring single cluster of Ca 2+ channels. This scenario appears to be not unlikely, considering the prevalence and functional contributions of different Ca 2+ channel subtypes [24] , their intraterminal distribution [25] , and their potentially low open probability [26] . Unfortunately, for typical cortical synapses, the latter parameter has not been determined. While hippocampal mossy fiber boutons operate at a high open probability [27] , low probabilities (0.1-0.2) have been reported for the calyx of Held [28] and other synapses [e.g., 26]. High-probability activation of Ca 2+ channels would speak in favor of more distributed Ca 2+ influx [25] . However, the corresponding simulations still predict a rather small, nanodomain cluster of channels (width <60 nm) and an ultrashort coupling distance of fully primed vesicles to its center ( Figure S4B) . A low-probability activation of Ca 2+ channels, on the other hand, would be in accord with Figure 1F ) and CR 2/2 terminals (n = 8; *p = 0.046). The red arrows indicate the p r value predicted by the models 0FB, 0.1FB, and 1 FB (cf. Figure 3G ). (D) Comparison of different release sensor models representing synaptogamin 1 and synaptogamin 2 (S1 and S2a, respectively). The Ca 2+ dynamics were simulated according to model 0FB. The straight dashed lines indicate p r determined in the WT and the predicted coupling distances (black), as well as the predicted p r for CR 2/2 synapses. Note that both sensor models predict similar effects for CR 2/2 synapses and similar coupling distances. The inset shows the Ca 2+ dependence of the release rates of the two sensors. See also Figure S4 . the notion that nanodomain coupling allows a single Ca 2+ channel to trigger release [29, 30] . The small number of docked vesicles at PF terminals [9] , the comparable number of Ca 2+ channels [25] and our estimate of the coupling distance would be in agreement with this scenario.
Tight nanodomain coupling in excitatory synapses has previously been found only in highly specialized synapses of the peripheral nervous system and the brain stem [2, 7] but not in conventional cortical boutons. We suggest that in addition to optimizing synaptic signaling [1, 2] , nanodomain coupling allows for smaller boutons by drastically reducing the demands on Ca 2+ signaling and in turn the size of presynaptic compartments [31] . Thus, tight coupling may be a prerequisite for the dense packing of cortical synapses in mammalian cortices.
Experimental Procedures
Patch-clamp recordings were performed at 20 C-22 C on acute slices prepared from 21-to 27-day-old C57BL/6 or CR 2/2 mice [18] . Postsynaptic
PCs were held in the whole-cell configuration, and presynaptic GCs were depolarized in the loose-patch configuration (unitary connections) or activated by tract stimulation. Quantal synaptic parameters were estimated from unitary EPSCs recorded at different [Ca 2+ ] e by a multiple-probability fluctuation analysis. Ca 2+ imaging experiments were performed on GCs dialyzed in the whole-cell configuration with a Ca 2+ -sensitive indicator dye. Ca 2+ transients in response to somatically induced APs were recorded in line scans (500 Hz resolution) with a custom-build two-photon microscope and expressed as background-corrected DF/F 0 . Ca 2+ dynamics and transmitter release were simulated by numerical solving of a system of ordinary differential equations placed in concentric hemi-shells of 5 nm thickness. The shells were coupled by diffusion of all reactants. AP-mediated Ca 2+ influx was placed in the central shell. Ca 2+ binding was simulated by second order kinetics, except for CR, for which cooperativity was implemented. A surface-based extrusion mechanism was balanced by a Ca 2+ leak to generate a resting [Ca 2+ ] i of 45 nM. An allosteric sensor model for vesicle fusion [14] was placed at varying distances from the influx.
Unless otherwise stated, average data are given as median and IQR. Whiskers in box plots show the last data points of the lower and upper quartiles that are still within 1.5 IQR. In mean versus variance plots ( Figures 1E  and 4B ), variance data are given as mean and variance. The WilcoxonMann-Whitney two-sample rank-sum test was used for comparisons. Full methods are available in the Supplemental Experimental Procedures.
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